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ABSTRACT
The study evaluated the relationship between two climate variability indicators – seasurface temperature (SST) and 500-mbar geopotential height (HGT/Z500) – and the monsoonal
precipitation pattern of Pakistan. Data from 30 precipitation gauges were obtained and were
analyzed over a period of 35 years from 1980 to 2014. Singular-valued decomposition (SVD)
technique was used to determine the association of previous year’s SST and HGT with the current
year’s monsoonal precipitation. The results indicated that the association of SST and HGT with
precipitation varied depending on the lead-times selected. Multiple regions of the North Indian
Ocean were identified that showed significant association in affecting Pakistan’s precipitation. The
long term trend and abrupt shift patterns of precipitation were also evaluated across the selected
gauges to determine the generic change patterns. The findings of the study can be useful predictors
of forecasting models for water management in Pakistan.

INTRODUCTION
Improved predictions of hydrologic variables such as precipitation and resulting streamflow can
help in better management of water resources. Climate variability impacts both precipitation and
stream flow. Understanding the relationships between climate variability and hydrologic variables
can improve rainfall and streamflow forecasting (Carrier et al. 2013; Thakali et al. 2016; Zhang et
al. 2016). Many studies have focused on understanding these relationships to predict the
hydrologic consequences associated with climate variability (Choubin et al. 2014; Carrier et al.
2016). Several studies have focused on understanding the association between oceanicatmospheric climate variability, e.g., temperature and pressure fluctuations, and hydrologic
variables (Kalra et al. 2008; Sagarika et al. 2015a).
Periodic oscillations observed in different oceans, such as El Niño Southern Oscillation
(ENSO), Pacific Decadal Oscillation (PDO), Atlantic Multi-Decadal Oscillation (AMO), and
North Atlantic Oscillation (NAO) have been recognized in previous studies as influential climate
indices that affect regional and global hydroclimatic variables (Kalra and Ahmad 2011; Pathak et
al. 2016a; Tamaddun et al. 2016a). Change in sea-surface temperature fluctuation can alter the
moisture component of the air above the ocean surface, which might impact the storm tracks and
eventually cause climate extremes (Sagarika et al. 2015b; Kalra et al. 2013 a & b). Previous studies
have evaluated the effect of climate indices on hydrologic variables at many different spatial and
temporal scales (Barlow et al. 2001; Hidalgo and Dracup 2003; Kalra et al. 2012). Even though
these specific zones of the oceans represented by climate indices have been used to understand the
hydrology of different regions around the globe, some studies have argued that the climate
variability of different locations of the oceans have unlikely effects on different basins that are in
close proximity (McCabe and Dettinger 2002; Kalra et al. 2013c).
Some studies have also reported variability in certain locations of the oceans that can
strengthen or weaken the effect of variability of another location (Ashok et al. 2004; Hussain et al.
2016). Different phases of ENSO (originated from the Pacific Ocean) were considered to be a
primary factor in causing climate extremes in the Indian subcontinent and in Southeast Asia
(Kumar et al. 1999) till Indian Ocean Dipole (IOD) became popular (Ashok et al. 2001), which
has the potential to strengthen or weaken the effect of ENSO on the monsoon cycle (Saji et al.
1999). Hussain et al. (2016) studied the effect of IOD on Pakistan’s precipitation and found a
significant correlation between IOD and monsoonal precipitation. The recent climate extremes in
Pakistan (Adnan et al. 2016) have brought the attention to understanding the association between
climate variability of the Indian Ocean and the hydrologic processes of Pakistan.
Another atmospheric variable is 500-mbar geopotential height (HGT/Z500) that has been
found to be associated with hydrologic variability (Sagarika et al. 2015a). Movements in jet
streams that result from rapid alteration of HGT have been found to be directly related to
precipitation (Xoplaki et al. 2000; Chen and Georgakakos 2014). Studies also suggest that use of
HGT as an input parameter (predictor) for a forecasting model can potentially improve the model
performance (Soukup et al. 2009).
The current study determined the trend and shift patterns of Pakistan’s precipitation over a
study period of 35 years (from 1980 to 2014) and evaluated the association of Indian Ocean SST
and HGT variations with Pakistan’s precipitation patterns. The results may help understand the
precipitation patterns of Pakistan across different seasons and can provide insights regarding how
the Indian Ocean climate variability affects Pakistan’s precipitation.

STUDY AREA AND DATA
The monthly mean data for each year from 1980 to 2014 (ranging a total of 35 calendar years) for
30 precipitation stations (gauges) across Pakistan were used in this study (Figure 1). The
topography of these stations also varies significantly across the different regions (Figure 1), which
have affected the precipitation patterns of these regions over the years. The data were obtained
from Pakistan Meteorological Department. The monsoonal precipitation (total rainfall during the
monsoon season) was obtained by summing of the monthly means for the month of June through
September for each year.

Figure 1. Map showing the locations and the elevations of the stations selected for the study
across Pakistan.
The monthly SST data were obtained from the Earth System Research Laboratory online
database provided by National Oceanic and Atmospheric Administration (NOAA). The data
comprise of monthly mean SSTs at 2° x 2° gridded cells. The region of the Indian Ocean selected
for this study was 40°E to 105° E and 15°S to 40°N, which resulted in a total of 506 cells (excluding
the land areas). The monthly HGT data were obtained from NOAA’s Physical Sciences Center
online database. The data are provided at 2.5° x 2.5° gridded cells. The same region of the Indian
Ocean (40°E to 80° E and 15°S to 40°N) was selected for the HGT data, which resulted in a total
of 575 cells.

METHODOLOGY
Trend and Shift Tests
To determine the presence of trends and shifts in each station over the study period, the MannKendall (MK) trend test (Mann 1945; Kendall 1975) and the Pettitt’s test (Pettitt 1979) were used
in this study. The advantages of using non-parametric tests in analyzing non-stationary
hydroclimatic data have made both the tests popular and widely accepted (Lins and Slack 1999;
Burn 2008; Villarini et al. 2009). A detailed discussion of the methods along with their advantages
over other methods can be found in the works of Pathak et al. (2016b), Sagarika et al. (2014), and
Tamaddun et al. (2016b). Readers may also refer to the original papers for the underlying theories
and formulation of the methods.
Singular Value Decomposition
SVD has been used quite effectively in evaluating spatiotemporal relationships between
hydroclimatic variables in many different regions across the world (Wang and Ting 2000; McCabe
and Wolock 2014; Sagarika et al. 2015b). SVD involves factorization of the data matrix to obtain
two orthogonal and one diagonal matrix, which are then used to determine the cross-covariance
among the matrices using SVD decomposition. A detailed description of the SVD method can be
found in the works of Newman and Sardeshmukh (1995) and Strang (1998). An SVD model to be
statistically applicable, the first three elements (also known as the first three modes) of the diagonal
matrix, obtained from the factorization of the data matrix, needs to explain a considerable amount
of the total variance in the data (Newman and Sardeshmukh, 1995). Based on the works of
Bretherton et al. (1992), the square covariance fraction (SCF) index was calculated, which
represented the amount of variability explained by the model.
In this study, SVD was used to determine the association between Indian Ocean SST and HGT
with the monsoonal precipitation of Pakistan. The Indian Ocean SST and HGT for DJF and SON
were used against the total monsoonal (June through September) precipitation, which resulted in
lags of 6 to 9 months. Hence, the correlations obtained were between SST/HGT (DJF and SON)
and monsoonal precipitation (June through September).
RESULTS
The results obtained from the MK and the Pettitt’s tests have been tabulated in Tables 1 & 2. The
correlation maps for the first two modes of SON/DJF SST with monsoonal precipitation and
SON/DJF HGT with monsoonal precipitation are provided in Figures 2 & 3, respectively. Positive
(red) regions represent the regions that were found to be directly associated (in-phase) with
monsoonal precipitation, while negative (blue) regions represent the regions with an anti-phase
relationship with monsoonal precipitation.
Trend and Step Results
From the MK trend test result (Table 1), it was observed that on 29 occasions, stations experienced
an increase in one of the months over the study period. The maximum number of stations
experiencing an increase was observed in the month of September (36.7%), while June had the
second highest number of stations with increasing trend (26.7%). July, October, November, and
December did not show the presence of any increase during the study period.

Table 1. Number of stations showing increasing or decreasing trends under the MK test.
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Number of Stations
Increasing
1
5
1
1
1
8
0
1
11
0
0
0
Decreasing 1
1
9
0
0
0
1
0
0
0
0
3
A decrease in trend was observed on 15 occasions across the study period with the month of March
having the maximum number of stations (30%) with a decrease among the other months (Table
1). January, February, and July had one station each with a decrease, while December had three.
The rest of the months did not show the presence of any decrease in trend.
An increase in shift was observed on 31 occasions across the different months during the study
period (Table 2). The month of January, June, and September experienced more increase
compared to the other months with 23.3%, 33.3%, and 23.3% stations with an increase,
respectively. March, July, October, November, and December did not show the presence of any
increase in shift.
Table 2. Number of stations showing increasing or decreasing shift under the Pettitt’s test.
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Number of Stations
Increasing
7
3
0
1
1
10
0
2
7
0
0
0
Decreasing 0
1
9
0
1
0
1
0
0
0
0
5
A decrease in shift was observed on 17 different occasions across the different months during the
study period in Pakistan. The maximum number of stations with decrease was observed in the
month of March (30%). February, May, and July had one station each with the decrease, while
December had five. The rest of the months did not show the presence of any decrease in shift
during the study period.
From the trend and shift results, it was observed that June and September have experienced
the maximum increase over the years, while March has experienced the maximum decrease during
the study period. Among the months, October and November were found to be not showing any
instances of change during the study period.
SVD Results
From the SVD analyses between the SON SST and the monsoonal precipitation, it was observed
that the SCF of the first mode was 59.6%, while the SCF of the second mode was 12.8% (Figure
2). The first mode consisted of 415 cells, while the second mode consisted of 39 cells out of the
506 cells representing the SST variations.

Figure 2. SVD maps showing the regions of Indian Ocean with significant correlation (modes 1
and 2) between the SON/DJF SST and the monsoonal precipitation.
The SCF of the first mode for the DJF SST and the monsoonal precipitation was found to
be 56.1%, while the SCF of the second mode was 21.6% (Figure 2). The number of cells that
comprised modes 1 and 2 were 437 and 36, respectively, out of the 506 cells representing the SST
variation for the study.
The SVD analyses of the SON HGT and the monsoonal precipitation revealed that the SCF
of the first mode was 66.9%, while the SCF of the second mode was 16.8% (Figure 3). The first
and the second mode consisted of 507 and 54 cells, respectively, out of the 575 cells considered
for HGT variation in this study.
The SCFs of the first and second mode for the DJF HGT and the monsoonal precipitation
were found to be 62.7% and 20.2%, respectively (Figure 3). The number of cells comprising the
first and the second modes was found to be 190 and 39, respectively, out of the 575 cells considered
in the study.

Figure 3. SVD maps showing the regions of Indian Ocean with significant correlation (modes 1
and 2) between the SON/DJF HGT and the monsoonal precipitation.

DISCUSSIONS AND CONCLUSION
The current study obtained continuous monthly mean data of 35 calendar years (from 1980 to
2014) for 30 precipitation stations (along a wide range of elevations) across Pakistan to determine
the presence of trend and shift patterns during this study period and to evaluate the association
between the monsoonal precipitation and the Indian Ocean climate variability. SST and HGT data
on a monthly basis were obtained to correlate these changes with monsoonal precipitation. The
trend and shift patterns of each month revealed that the months of June and September have
experienced the maximum increase of precipitation over the study period, while March has
experienced the maximum decrease. The significant increase during June and September can be
attributed to the initiation and recession of the monsoon season.
From the comparison between the SON and DJF SST with the monsoonal precipitation
correlation results, it was inferred that the first mode of SON SST explained the higher variability
of the data analyzed in the study even though the first mode of DJF SST consisted of a higher
number of cells. Opposite results were obtained from the SON and DJF HGT correlation results,
where only 190 cells from the DJF HGT explained 62.7% of the variability, while 507 cells (2.7
times the number of cells in DJF HGT) from the SON HGT explained 66.9% variability. The

results showed that SST and HGT had a different association with the monsoonal precipitation
depending on the lags, which varied from 6 to 9 months for SON and DJF. Less number of cells
explaining higher variability implies that smaller zones of influence of the Indian Ocean may have
a higher association with certain regions of Pakistan.
The results also indicated that the Bay of Bengal SST variation, compared to the Arabian
Sea SST variation, had a higher positive (in-phase) association with the Pakistan monsoonal
precipitation in both the significant modes. On the other hand, the HGT variation across the land
areas of Pakistan and India had a higher positive association with Pakistan’s precipitation. For both
the SST and the HGT correlation results, negative (anti-phase) correlations were observed only in
the second modes. Future studies can evaluate these correlations at the regional level with a higher
number of stations in each region for a better understanding of the associations present between
climate variability and hydrologic variables using longer record length.
The study provided a case study that explains how spatiotemporal association between
hydrologic variables (e.g., precipitation) and oceanic variability can be determined using SVD
analyses. The results also show how the trend and shift patterns of monthly precipitation have
changed during the study period. The results can be helpful in understanding Pakistan’s
precipitation pattern across different seasons and also may help to develop hydrologic forecasting
models based on correlation with climate variabilities with time lags.
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